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Structure of this course

1) Structured light basics
2) Structured light and atoms

3) Structured light and optical forces
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Review Day 1



Dancing in the dark -the Sao Paulo anecdote, ca. 2008

an ion trap . .
lon In @ beam

Ax ~ 60 nm

a hollow beam

-
wop ~ 1000 nm
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Twisted Light

Light Angular Momentum







Twisted Light - spiraling beams
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Orbital Angular Momentu - first experiment

VOLUME 75, NUMBER 5 PHYSICAL REVIEW LETTERS 31 JuLy 1995
Pg. 826

Direct Observation of Transfer of Angular Momentum to Absorptive Particles
from a Laser Beam with a Phase Singularity

H. He, M. E.J. Friese, N. R. Heckenberg, and H. Rubinsztein-Dunlop

Department of Physics, The University of Queensland, Brisbane, Queensland, Australia Q4072
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Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light
Energy - Linear \V" \/"

Momentum

Fraunhofer Refraction

Spin Angular
Momentum

v

Orbital Angular
Momentum
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Day Two
Part 1

Quadrupole Interactions



Dancing in the dark Structured light beams - Laguere- Gauss type.

Equation of the LG beams PRS2 NE/N0) z)é’eikze—’iwt
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Dancing in the dark Ferdinand's insight -> Go Quadrupole!

Recap: matrix elements & selection rules Calcium ion energy levels
0 5 4P3/2
.1 _ T . /‘ .. |
Fermi's Golden Rule F7—>f = == ‘<f‘H7,nt|L>‘ 10,
4P1/2

Light-Matter Interaction H int X A - P -+ p - A

(fIHz|i) < (flA-P+DP-Al) ccwp(flr- Alz) 3D5/2
Q
&S
3D3/2 QCEQ

Electric Dipole ,(\\I ,?

oscilating electric field O‘D

A ~ Aoge—iwt
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Dancing in the dark Ferdinand's insight -> Go Quadrupole!

Recap: matrix elements & selection rules Calcium ion energy levels
0 5 4P3/2
.1 _ T /‘ .. |
Fermi's Golden Rule Fi—)f = 7= ‘<f‘H7nt|L>‘ 10,
4P1/2

Light-Matter Interaction H int X A - P -+ p - A

(fIHzl|i) < (fIA-p+p-Ali) xwpi(flr- Ali) 30512
Q
&S
3D3/2 NS
Electric Quadrupole ,’\\I ;§
oscilating gradient - it's a wave! OD

A ~ Agikzee "
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Dancing in the dark Where do the gradients come from?

Travelling Wave A = Ayeilkz—wt)

Field Amplitude and
Longitudinal Gradient

A~ Ag(l + ikz)e ™!

Vortex Beam

Transerse Field Gradient
with no Amplitude

5, . e
A.10 ~ A.() V2p €Z¢ € wi

) wo
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Gaussisan Beam [=0 Doughnut Beam [=1 Ring Beam [=2

Beam Intensity Profiles
(measured with CCD

before focusing on the ion)
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Quadrupole Excitation 150} I
as a function of the — |
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Transverse Gradient

Nature communications 7, 12998 (2016)
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prediction Schmiegelow & Schmidt-Kaler
Eur Phys J.D 66: 157 (2012)
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Things i've learned

- shut up and calculate
- leave ideas rest

- It's the optics, stupid




Experimental setup

Di.ChFOiC Interference
Mirror Filter

EMCCD
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Microstructured @
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Day Two
Part 2

lon Trapping



How to trap ions

Atrap trap diagrams and Earnshaw's theorem

A vacuum chamber
Atoms

An ionization method
An observation method
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How to trap ions

A trap Paul trap, mechanical analogue
A vacuum chamber
Atoms

An ionization method
An observation method




How to trap ions
Atrap A linear Paul Trap

A vacuum chamber r
Atoms

An ionization method
An observation method




How to trap ions

A trap An ring Paul Trap

A vacuum chamber
Atoms

An ionization method
An observation method




How to trap ions
A trap An ring Segmented Trap

A vacuum chamber
Atoms

An ionization method
An observation method



How to trap ions

A trap

A vacuum chamber Vacumm chamber, vacuum pumps, backing, and lots of patience!
Atoms

An ionization method

An observation method P < 10" ' mbar
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How to trap ions

A trap

A vacuum chamber
Atoms

An ionization method
An observation method

Ovens: a source of neutral atoms in vacuum




How to trap ions

A trap
A vacuum chamber

Atoms
An ionization method Typically REMPI, two photon photoionization, but can also be otherwise...

An observation method

Electron

374nm

- —1( .
Atomic . T=19ns

nuclei

T= 4.6ns

3D,

T=3ms

Radiation

nm

neutral Calcium
enerqy levels !
9y 4'S,




How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method Resonance fluorescence, and Doppler cooling, plus extra "repumping”
An observation method
4P 6,9 ns
3/2
7,1 ns
4P 1
(o%)
Z,
? 1,05s
3|:)5/2
= 1,08
~ 3Dsp;
o)
™M

Calcium 40 lon
451/2 Eneqgy levels



How to trap ions

Atrap Lasers, lasers, lasers.
A vacuum chamber For cooling, ionizing, optical pumping, coherent control, etc.
Atoms e |
o o o . "- y ./1; e 4
An jonization method ol ? N
An observation method OMS ) 2 N

Frequency stabilized, power stabilized, polariztion controlled.
Switchable in us, in amplitude and frequency.



How to trap ions

A trap

A vacuum chamber
Atoms

An ionization method
An observation method

Trap, lasers, chamber and observation optics

370nm &

423 nm (&

Photoionization

Lasers
Imaging Lens Interference
C Filter
o
L Cl_
Microstructured
860, lon Trap 4
854nm /

Fluorescence
Lasers

EMCCD
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How to trap ions




How to trap ions - voila




How to trap ions - voila

Linear trap crystals Ring trap crystals




videos and imagis ov moving ions in segmented traps
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Orbital angular momentum and selection rules in atoms



Twisting in the dark what about the (orbital) angular momentum?

Intrinsic, polarization

Historical remarks

- The experiments of Hanle & of Bar.
-- Anomalies in Raman scattering.

- The conclusion of Raman, Kastel and Cabannes.

-- Wait, recalculating!

- The expriments of Beth.
-- Let's go macroscopic.

Historical remarks

Extrinsic, orbital angular momentum

G| 0
A= Aog(z £ ig)e"? % -m h

J, = +h+ 1k =

- The paper PRA 45, 8185 (1992)

"Orbital angular momentum of light and

the transformation of Laguerre-Gaussian laser modes”
by Allen, Beijersbergen, Spreeuw and Woerdman

- The first demonstration by H. Rubenstein-Dunlop

he many failed attempts to observe optical activity.
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Twisting in the dark selection rules, for a rotationally symmetric system B||k

only polarization o polarization + structure O

3D5/2 +5/2

3D
a2 +1/2 3312 5/1 2/2 11/ 312 +3/2
Ms=-5/2 mg=-5/2 -3/2 —-
Orbital AM R O @
O O s OrbltalAM
- 0 +1 Q
Spin AM c\c',) _ O +1
= N SplnAM
1 +1 - +1/2 4S1/> /\—
Ms=-1/2 / T Mg=-1/2 +1/2 4S7/2
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Twisting in the dark

1) reset and state
preparation

optical pumping

4P3
4P

3Ds

397nm

3Dg3

481/2

selection rules, for a rotationally symmetric system B||k

Il) diplacement to
probe position b

b

ﬁ

o

transport with
electrode voltages

4P,
4pl Z

3D,

i) excitation by
vortex beam

coheret Rabi

IvV) displace back
and detect

LN

state-dependent

oscillations fluorescence
4P 1 4P/,
3Ds);
3D CE 3D3)
O =

o

: >
481/2 4S1/2 ™
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Twisting in the dark selection rules, for a rotationally symmetric system B||k

4P3/2 Experimental Sequence - Time Scan
e
Optical Pumping Reset
4P1 /2 Doppler Cooling ¥  Probe Pulse Detection 1

3D3/2
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Twisting Iin the dark Results

Rabi frequencies for each transition

. O e O
Orbital ANl 5 o5
Spin AM M
P 1 +1
18 i
S
“j6 —
] N
R =
4N
-{ ]
: G

—‘ "

Change in angular momentum
of atom
Angular momentum of photon Nature communications 7, 12998 (2016)



Twisting In the dark Extra. How we measure.

orbital am @ 9 O
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1) find your peaks for each transition
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Detuning A/2n at 729 nm in MHz

2) tune to each peak and measure Rabi oscilations

llllllllllllllllll P
P 1.0 .'i'. P 1.0 i.' .""-.'. we
p {(b) /[ | ‘D {© [ [\ d
0.8 - - " 0.8 - e | \
/® n ¥ |
é . 7 | e ' \ " ‘
0.6 - . " 0.6 ( '. - (
/ \ : 0 o '
ﬁ. .‘ ..'. . | " o
: 'y .'I " . ( .u " .o
0.4- 4 . q 041 | \ « B .
/ \ / { m \ ( . J l
/. [\ [ | | \ \
- - 4/ L .. \
0 2 ‘ .. '. 0 2 i ‘h " "' d.l ,’l ." .
4 -. ¥ / .. ,". \ ' . '
0-0 # v T v T T .‘?._...t v T 0-0 '*"I ''''' I"S‘-. ''''' .-i‘ v T Y T '-.',l
0 20 40 60 80 100 0O 20 40 60 80 100 120 140 160 180
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Excitation time 7 in ps

3) repeat for each SAM and OAM configuration

Spectrum example and Rabi oscillation
taken from Gulde Phd (2003)



Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light

v v

Fraunhofer Refraction

Energy - Linear
Momentum

Spin Angular
Momentum

Orbital Angular "/'
Momentum
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Twisting in the dark - cuantitative results.

Rabi frequencies for each transition
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Nature communications 7, 12998 (2016)



Full Theory | Experimental Data }

Theory w/o E, OAM Content 1{ 0} '1i




Stong Focusing of Beams - beyond the paraxial approximation

Focusing of LG beams with circular polarization

beam profile longitudinal cuts

spin/polarization 0 — +1
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Full Theory | Experimental Data {

Theory w/o E, OAM Content 1{ Of '1§
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Optical Activity



Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light
Enerqy - Linear ‘V" \//'

Momentum

Fraunhofer Refraction

Spin Angular
Momentum

v

Orbital Angular
Momentum
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Light-Matter Interaction - optical actvity

Araoka, F., Verbiest, T., Clays, K. & Persoons, A. Interactions of twisted light with chiral

molecules: an experimental investigation. Phys. Rev. A 71, 055401 (2005).

Loftler, W., Broer, D. J. & Woerdman, J. P. Circular dichroism of cholesteric polymers and
the orbital angular momentum of light. Phys. Rev. A 83, 065801 (2011).

Mathevet, R., de Lesegno, B. V., Pruvost, L. & Rikken, G. L.]. A. Negative experimental
evidence for magneto-orbital dichroism. Opt. Express 21, 3941-3945 (2013).



Light-Matter Interaction - optical actvity

OPTICS Circular dichroism and optical rotation are crucial for the characterization of chiral molecules and are of importance
Resolvin g en antiomers usin g the Opti cal an gUl ar to the study of pharmaceutical drugs, proteins, DNA, and many others. These techniques are based on the different

. . interactions of enantiomers with circularly polarized components of plane wave light that carries spin angular
momentum Of twisted Ilg ht momentum (SAM). For light carrying orbital angular momentum (OAM), for example, twisted or helical light,

the consensus is that it cannot engage with the chirality of a molecular system as previous studies failed to dem-
onstrate an interaction between optical OAM and chiral molecules. Using unique nanoparticle aggregates, we
Division Molecular Imaging and Photonics, Department of Chemistry, KU Leuven prove that optical OAM can engage with materials’ chirality and discriminate between enantiomers. Further, theo-
(University of Leuven), Celestijnenlaan 200D, Box 2425, 3001 Leuven, Belgium. retical results show that compared to circular dichroism, mainly based on magnetic dipole contributions, the OAM
*Corresponding author. E-mail: thierry.verbiest@fys.kuleuven.be analog helical dichroism (HD) is critically dependent on fundamentally different chiral electric quadrupole contribu-

2 O 1 6 tions. Our work opens new venues to study chirality and can find application in sensing and chiral spectroscopy.

Ward Brullot, Maarten K. Vanbel, Tom Swusten, Thierry Verbiest*

Helical dichroism (%)
®_D-Phenylalanine

/1 N\

i 2 3 a
Orbital angular momentum value /, ()

Figure 8. Left: In this schematic (not-to-scale), the right- and left-handed LG beams (red) interact differently (green shade) with
chiral molecules (stick-and-ball models) adsorbed to the nanoparticle aggregates. Right: VD measurements as a function of OAM
value, exhibiting the difference in transmission for right- and left-handed vortex light with clear discrimination between
molecular enantiomers. Reproduced from [80] (CC BY 4.0), where what we term vortex dichroism is called helical dichroism.



Light-Matter Interaction - optical actvity

Gigantic vortical differential scattering as a
monochromatic probe for multiscale chiral structures

Jincheng Ni®*®, Shunli Liu®, Dong Wu®', Zhaoxin Lao® Zhongyu Wang?, Kun Huang“'®, Shengyun Ji?, Jiawen Li*®,
Zhixiang Huang?®, Qihua Xiong®, Yanlei Hu®", Jiaru Chu?, and Cheng-Wei Qiu®’

®Chinese Academy of Sciences Key Laboratory of Mechanical Behavior and Design of Materials, Department of Precision Machinery and Precision
Instrumentation, University of Science and Technology of China, 230027 Hefei, China; bDepartment of Electrical and Computer Engineering, National
University of Singapore, 117583 Singapore, Singapore; ‘Department of Optical Engineering, University of Science and Technology of China, 230026 Hefei,
China; “Key Laboratory of Intelligent Computing and Signal Processing (Ministry of Education), Anhui University, 230039 Hefei, China; and ®Division of
Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University, 637371 Singapore, Singapore

2020
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Light-Matter Interaction - optical actvity

Article | Open access | Published: 16 October 2020

Fig 1: Vortex fiber superposition phenomena.

High resolution spectral metrology leveraging b
topologically enhanced optical activity in fibers m (D
QWP
Aaron P. Greenberg, Gautam Prabhakar & Siddharth Ramachandran &3 & [ —z;8* +L3" 50aa
Nature Communications 11, Article number: 5257 (2020) | Cite this article E \\ © -L;8 448" gog 0
J L )
OAM sorting though SOAM OAmM coupling in Vs
"vortex" fibers. R ’Z\
=%

~

I X
7/
7’
- -
v

Vortex fib Output polarization:
ortex fiber 2 C0S 7§ 5in 7

BUT WAIT!
Then any AOM mode sorter is an optically active material.

See review:

Orbital angular momentum of twisted light: chirality
and optical activity
Kayn A Forbes and David L Andrews 2021 J. Phys. Photonics 3 022007



Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light
Enerqy - Linear ‘V/' \/"
Momentum
Fraunhofer Refraction

Spin Angular
Momentum

Orbital Angular "/'
Momentum
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Light-Matter Interaction -asummary

Atomic
Spectroscopy

v

Fraunhofer

v

Hanle & Bat

v

We! !l

Energy - Linear
Momentum

Spin Anqgular
Momentum

Orbital Angular
Momentum

Mechanical
Effects on Light

v

Refraction

v

Optical Activity

v

well,

Mechanical
Effects on Matter

v

Radiation Pressure

v

Beth

v

Rubenstein Dunlop

many
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Tomorrow
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AC Stark Shifts



AC Stark Shift, Autler-Townes effect hamiltonian and time evolution

Hamiltonian

H:HO+Hint
g,
H():O'Z *
2
g
= —le) (el

\e}>p\1) when 0 > () X .
— b5 H A~ =
I 0 oy 7F T ®
1 0
hw, o
ol ol | P s
2 S
\\f N Trasnforming back

Hiny = hQ) o, cos(w;t)

Going to a frame rotating as...

\9> -

U = exp{—to,(w; —0)t/2}

The hamiltonian, tranforms, in the rotating wave approximation to:

ho

0 ()
I /

/ Oz
where Q= \/92 T 52/4

2
H=—o. hw, I ()
2 0 S
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AC Stark Shift problems and applications

Problems for frequency standars

4P3/2

4P1/2

3D3/2

We demostrated a reduction in the AC stark shif of ~40x

451/2
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AC Stark Shift problems and applications

Problems for frequency standars
PHYSICAL REVIEW LETTERS 129, 253901 (2022)

Excitation of an Electric Octupole Transition by Twisted Light

R. Lange,1 N. Huntemann ,"* A. A. Peshkov ,"2 A. Surzhykov,l’z’3 and E. Peik®'
' Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
*Institut fiir Mathematische Physik, Technische Universitit Braunschweig, Mendelssohnstrafie 3, 38106 Braunschweig, Germany
3Laboratory for Emerging Nanometrology, Langer Kamp 6a/b, 38106 Braunschweig, Germany

M (Received 20 June 2022; accepted 14 November 2022; published 12 December 2022)
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AC Stark Shift problems and applications

Problems for frequency standars
The devil's advocate: hyper-Ramsey and balanced-Ramsey spectrocopy

PHYSICAL REVIEW A 82, 011804(R) (2010)

Hyper-Ramsey spectroscopy of optical clock transitions

1 ——
- (a)
> TA, 0.8}
@, 0.6
XY P
0.2
Ot

Suppression of AC stark Shift by 2-4 orders of magnitude

ot




Magic Wavelength

0 <0

o>0 oOr

problems and applications

leaving one (clock or qubit) transition undisturbed.
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AC Stark Shift

Optical Tweezers and Magic Wavelength

Low and high field seakers

Atom arrays (record Quantum Volume by Lukin Group)

cred. Inst. d' Optique, Paris



AC Stark Shift problems and applications

Spin dependent forces.

Standing Waves Structured Beams

-_— —_ 7-[-
/ e > m oL ’
T >
Existing Applications Proposed Applications
Gates betweeen ions. Same, but without problems of phase stability!

Generation of cat states.
Generation of sweezed states.
Sping dpenedent motional control of ions and atoms.



Thank you for you attention.
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